The present study aimed to purify and characterize one polygalacturonase from L. gongylophorus (PGaseLg), the symbiotic fungus of Atta sexdens. The enzyme was isolated by salting out of crude extract followed by two chromatographic steps. PGaseLG was identified with MS analysis and molecular exclusion chromatography revealed the monomeric nature of a protein with an estimated molecular weight of about 39 kDa. PGaseLg has an optimum temperature of 60˚C and optimum pH activity at 5.0. Using polygalacturonate as a substrate, the calculations of KM, Vmax and kcat were 0.65 mg•mL −1 , 1800 μmol•min −1 •mg −1 and 35.97 s −1 , respectively. The enzyme was stable for more than 3 h at 50˚C at pH 5.0; otherwise, at lower or higher pH values, the PGaseLg was less stable. The influence of several metals, EDTA and β-mercaptoethanol on enzyme activity was also determined. Thin layer chromatography (TLC) analyses indicated that PGaseLg is an exopolygalacturonase.
Introduction
The symbiotic relationship of the leaf-cutter ant Atta sexdens with basidiomycete Leucoagaricus gongylophorus 
Inductive Culture of L. gongylophorus for Polygalacturonase Production
The CCTI strain of L. gongylophorus (isolated from an A. sexdens nest) was donated by the Center of Studies on Social Insects (UNESP, Rio Claro, Brazil). The mold was cultivated at room temperature in stationary liquid cultures of an inductive medium (YNB 6.7 mg•mL −1 and polygalacturonic acid 5.0 mg•mL −1 in working buffer) [5] . The inoculums consisted of mycelial mass collected from solid cultures. After 30 days, the culture (1 liter) containing the secreted enzymes was filtered through a 0.45 μm-pore-sized membrane, and the volume was reduced 10 times by lyophilization. This solution was identified as a crude enzyme extract.
Enzyme Activity Assay
Polygalacturonase activity was evaluated according to the Miller method for reducing sugar determination [29] by mixing the enzyme with a solution containing polygalacturonic acid in final 5.00 mg•mL −1 in a working buffer. The reaction mixture was kept at 60˚C for zero, 30 and 60 min., after which 100 μL aliquot was added to 400 μL of DNS reagent and heated to 80˚C for 5 min. The reaction vials were cooled centrifuged (16,000 g for 5 min.) and then added to 500 μL of H 2 O. The values of absorbance at 540 nm were determined. Product formation was quantified in reference to a standard curve prepared with 0 to 100 mmol•L −1 galacturonicacid. Protein content was evaluated according to the Bradford protocol [30] . The enzymatic activity was expressed in units of activity, U. One U corresponds to the production of 1 μmol of reducing sugars per minute per mg of total protein.
The activity values were obtained from three independent experiments and were expressed as weighed mean ± standard deviation.
Enzyme Purification
Polygalacturonase (PGaseLg) purification chromatographic procedures were carried out in the AKTA-FPLC system (GE Healthcare). The centrifugation through the purification procedures was conducted at 12,000 ×g for 20 min. at 4˚C. Dialyses, unless stated, were carried out against the working buffer at 4˚C.
(NH 4 ) 2 SO 4 salting out: prior to the chromatography columns, the stepwise precipitation with (NH 4 ) 2 SO 4 was useful in clarifying the crude extract. In the first step, ammonium sulfate was added to the crude enzyme solution up to 30% of saturation, and the insoluble contents were then removed by centrifugation and discharged. The supernatant received new additions of salt until the saturation reached 70%. The solution reposed overnight and was centrifuged to produce the precipitant within the interval from 30% to 70% of salt saturation. This pellet was solubilized in a 10 mL working buffer and dialyzed.
Gel filtrationchromatography: 2 mL of the salted-out 30% -70% active fractions were loaded onto a Superdex S-75 (GE Healthcare) column (16 × 600 mm) pre-equilibrated with a working buffer with NaCl 100 mmol•L −1 . Elution was carried out with the same buffer at a flow rate of 1.0 mL•min −1 . The PGaseLg activityeluted fractions were pooled and dialyzed against a 20 mmol•L −1 acetate buffer, pH 5.0. Cation exchange chromatography: 1 mL of the Superdex S-75 active fractions pool in a 20 mmol•L −1 acetate buffer was applied onto a SPFF-Sepharose column (GE healthcare) pre-equilibrated with the same acetate buffer. The column was washed with 10 mL of the acetate buffer at a flow rate of 1 mL•min −1 , and the elution was with a NaCl linear gradient from 0 to 290 mmol•L −1 in the same buffer. The PGaseLg activity was determined in desalted fractions, and the active peak was pooled for characterization.
Gel Electrophoresis
Each step of enzyme purification was followed by electrophoresis in 15% (v/v) polyacrylamide gel in denaturing conditions (SDS-PAGE), as described by Laemmli [31] . After the run, the gel was submitted to a silver stain, and the single band, from SPFF chromatography, was set out for IAA alkylation and trypsin digestion before MS analysis. Molecular weights of the standard proteins were β-galactosidase, 116 kDa; bovine serum albumin, 66.2 kDa; ovalbumin, 45.0 kDa; lactate dehydrogenase, 35.0 kDa; REase Bsp98I, 25.0 kDa; β-lactoglobulin, 18.4 kDa; and lysozyme, 14.4 kDa.
Characterization of Purified Enzymes

Influence of the Temperature on Purified Enzyme
The temperature effect on enzyme activity was determined at 30˚C, 40˚C, 45˚C, 50˚C, 55˚C, 60˚C, 65˚C, 75˚C and 80˚C using polygalacturonic acid as the substrate. Experiments were expressed in enzyme activity (U) versus temperature plot. Based on the temperature assay, it was possible to calculate activation energy.
The Thermal Stability
Thermal inactivation was evaluated by incubating the purified PGaseLg at 30˚C, 40˚C and 50˚C. Reaction vials were kept, at pH 5.0, under mild agitation for 10 hours in the experimented temperature. At each 30 min., 50 μL aliquots were gathered and submitted to ice bath, and the enzyme residual activity (U%) was determined at 60˚C and pH 5.0. The residual activity was plotted as a function of the incubation temperature.
Influence of the pH
The optimal pH value of PGaseLg activity was determined by assaying the purified enzyme at 60˚C in the working buffer at pH values from 2.5 to 6.5 (slope of 0.5). Activities (U) were plotted against pH values.
The Chemical Stability
To evaluate the influence of pH on the stability of the enzyme, it was kept for six hours at 50˚C in the working buffer at pH values of 3.0, 4.0, 5.0, 6.0 and 7.0 or the Tris/glycine buffer for pH 8.0. The residual activities of 50 μL aliquots were determined at optimal activity conditions. The determined half-lives of each experiment were plotted versus pH treatment.
Michaelis-Menten Constant
The PGaseLg kineticconstant (K M ) was determined with ten substrate concentrations ranging from 0.10 to 5.0 mg•mL −1 of galacturonic acid or 74% esterified pectin. K M and V max values were calculated using the double reciprocal Lineweaver-Burk plots.
Effect of Cations and Other Substances on PGaseLg Activity
The effect of a number of metal ions and other reagents on enzyme activity in the assay medium was tested. Pure PGaseLg was assayed in the presence of KCl, NH 4 . The assays were conducted with the 50 mmol•L −1 MES buffer, pH 5.5. Before the assay, the enzyme solution was dialyzed against this same buffer. Residual activity was determined in triplicate at each treatment.
Determination of the PGaseLg Oligomerization State
The SDS-PAGE running was used for molecular mass determination, and the oligomerization state determination of PGaseLg was performed by loading the enzyme on a Superose 12 HR column (10 × 30 cm) calibrated with bovine serum albumin (BSA) as molecular mass standard.
Thin Layer Chromatography
Thin layer chromatography (TLC) analyses of polygalacturonic acid and 74% esterified pectin hydrolysis products were performed on heat-inactivated samples from overnight digestion, at 40˚C in the working buffer. Aliquots of respective pectic hydrolysate were 10 times concentrated and spotted on 8 × 10 cm silicagel 60G aluminum sheets (Merck, Germany). Mono-, di-, tri-and polygalacturonic acid were applied as standard. The chromatography was performed using the ascending method; the mobile phase consisted of a 5:3:2 mixture of n-butanol: H 2 O: acetic acid. For visualization of the spots, the dried plate was sprayed with 10% sulfuric acid in methanol followed by heating at 105˚C for 5 min.
LC-MS/MS Analysis
Sliced and washed SDS-PAGE slabs were destained using freshly prepared K 3 Tryptic digested peptides were analyzed by online nanoflow LC-MS on an EASY-nLC II system (Thermo Scientific) connected to an LTQ-OrbitrapVelos instrument (Thermo Scientific) via a Proxeonnanoelectrospray ion source. Peptides were separated with a linear gradient from 0% to 60% acetonitrile (0.1% formic acid) on an analytical EASY-Column (10 cm, ID75 µm, 3 µm, C18-Thermo Scientific, 300 nL•min −1 ) previously trapped in a pre-column EASY-Column (2 cm, ID100 µm, 5 µm, C18-Thermo Scientific). An LTQ-OrbitrapVelos mass spectrometer was operated using DDA (data-dependent acquisition) in positive ion mode. The 20 th most intense precursor ions were selected for CID fragmentation. Full MS scans were performed with 60,000 full-width half-maximum (FWHM) nominal resolution settings (m/z range 400 -1200, collision energy 35 eV, activation Qz of 0.250, activation time 10 ms). The minimum signal threshold was 15,000 counts, and for dynamic exclusion, 1 repeat count was considered with a duration of 30 s. The instrument was calibrated externally according to manufacturer's instructions.
Results and Discussions
Purification of PGaseLg
Polygalacturonic acid, added to the culture broth, was efficient in the PGaseLg induction whose purification was carried out as summarized in Table 1 . The purification to homogeneity was completed after ammonium sulfate salting out and two chromatographic steps. The activity in ammonium sulfate salting out (30% -70% saturation) was 82% recovered in the precipitated proteins with a purification fold of 3.2. Superdex S-75 gel filtration, Figure 1(a) , provided a purification in the order of 12.9-fold with a yield of 61.2%. SPFF, Figure 1(b) , cation exchange chromatography promoted the homogeneous purity. Along the sodium chloride gradient (0 -280 ), three isolated bands were eluted, and PGaseLg activity was detected in the first, corresponding to 85 mmol•L −1 of salt concentration. An overall purification of up to 30.8-fold with a 48.8% recovery was achieved ( Table 1) .
The homogeneity of the purified PGaseLg was demonstrated by the presence of one single protein band on SDS-PAGE stained with silver salts (Figure 2) .
To calculate the molecular weight of the purified PGaseLg, the electrophoretic mobility against the logarithm molecular weights of known polypeptides was plotted and compared to the electrophoretic mobility of the PGaseLg. The calculated molecular weight of the PGaseLg was approximately 39.0 kDa. This molecular mass is in agreement with previously reported PGase from other sources, such as Rhizomucorpusillus [18] and Tricodermaharzianum [32] (about 31 kDa), Acrophialophoranainiana (31 to 35.5 kDa) [14] , Saccharomyces cerevisiae strain IM1-8b (36 kDa) [33] , Neurosporacrassa (37 kDa) [23] or Rhizopusoryzae (37.44 kDa) [34] . Higher molecular mass PGase is known, such as from E. carotovora (43 kDa) [24] and A. giganteus (69.9 kDa) [35] . Size exclusion chromatography enables the separation of impurities from the target protein, and the specific elution profile provides an estimate of its molecular weight/size; it also furnishes information of its primary oligomeric state [36] . The lower than 66 kDa PGaseLg apparent molecular weight determined by Superose 12 HR gel filtration chromatography is indicative that the enzyme was isolated as a monomer. These results are in agreement with published results for polygalacturonases from Burkholderiaglumae [37] and T. harzianum [32] .
PGaseLg Identification by MS/MS Database Search
The PGaseLg was identified in the SDS-PAGE gel; the band was excised from the gel and treated with trypsin, and the peptides were analyzed by online LC-MS nanoflow. The MS spectra were searched for on different databases with two different search engines and in-house Proteome Discoverer 1.4 software (Thermo, USA). Databases with different numbers of sequences were used to increase the protein identification confidence. The databases were downloaded by typing "Leucoagaricus" (202 protein sequences) as a keyword on both NCBI and Uniprot sites using the SEQUEST search engine (Proteome Discovery 1.4). The "Fungi_NCBI" (2,204,168 protein sequences) database was used directly from the MASCOT 2.2.4 search engine with NCBInr filtered by fungi taxonomy. The identified peptide sequences with significant sequence coverage with a polygalacturonase sequence of the L. gongylophorus are presented in Table 2 .
The database search of mass spectrometry analysis identified the PGaseLg with an annotated polygalacturonase at NCBI (Accession number 317468146) with a theoretical molecular weight of 37.034 kDa. Instead, in SDS-PAGE, a PGaseLg molecular weight of 39.04 kDa was observed. This fact may be explained by glycosylation, which is not annotated in the deposited L. gongylophorus polygalacturonase sequence, which is commonly assigned to other glycosidases.
The amino acid sequence similarity search in the Swissprot database indicated that peptides were similar to polygalacturonase sequences in glycosyl hydrolase family 28. The four amino acid groups (NTD, DD, HG and RIK), presumably involved in catalysis, are conserved in these polygalacturonases in GH family 28 
Physicochemical Characterization
Using polygalacturonic acid as a substrate, the optimum temperature for activity of the enzyme was 60˚C, Figure 4(a) . The pattern of polygalacturonase activity from PGaseLg enzyme showed a typical asymmetric thermal profile. Determinations of optimal temperature for pectinases from different sources are closely related, for instance 60˚C for Acrophialophora nainiana [14] or 65˚C for Paenibacillus sp [38] and Paecilomyces variotii [39] . Optimal temperature of polygalacturonases from Rhizomucor pusillus [18] , Penicillium viridicatum [15] , Thermoascus aurantiacus [20] , Pycnoporus sanguineus [40] and A. giganteus [35] ranged from 55˚C to 65˚C. Other optimal temperatures are registered as 45˚C for Neurospora crassa [23] , 40˚C for T. harzianum [32] and E. carotovora [24] . The activation energy was determined by using the Arrhenius equation from the slope of the plot of the natural logarithm of the activation rate constants of purified PGaseLg versus the reciprocal absolute temperature (˚K), and it was estimated at 45.6 kJ•mol −1 (10.90 kcal•mol −1 ). This result was similar to the 68.86 kJ•mol −1 observed in polygalacturonase from E. carotovora [24] . This activation energy is lower than a purified polygalacturonase from tomatoes (270.6 kJ•mol ) [42] . The effect of pH on the purified PGaseLg activity toward polygalacturonic acid was examined at 60˚C. As shown in Figure 4(b) , the enzyme showed an optimum pH for hydrolase activity at 5.0 in the working buffer. The enzyme activity decreased to 50% at pH levels lower than 3.5 or higher than 6.0. A similar pH profile was reported for PGs from T. harzianum [32] , E. carotovora [24] and Fusarium moniliforme [43] . The loss of activity at neutral and basic pH values is due to the ionization state of amino acidic residues involved in substrate binding and in catalysis, and it has been reported for other glycoside hydrolases [21] . Moreover, the substrate pKa of polygalacturonic acid is 3.7, which requires acidic pH values. However, the optimal pH of pectinases from Streptomyces lydicus [44] and Neurospora crassa [23] was determined at 6.0 and from Acrophialophora nainiana [14] at 8.0. Acidic endopolygalacturonases are produced by Aspergillus kawachii [22] , active at pH 2.0 Figure 4 . Effect of (a) temperature and (b) pH on enzyme activity. Assay conditions as described in experimental section.
in the presence of stabilizers, and by phytopathogen Burkholderia cepacia, with an optimum pH of 3.5 [21] .
The stability of an enzyme is an important parameter since maintenance of activity over a long period is important in designing pectinases reactors and also for reproducibility of data acquisition. With respect to temperature, in the absence of a substrate, PGaseLg showed >75% of the original activity at 30˚C and 40˚C, for 10 hours. At 50˚C, the enzyme lost 50% of its initial activity ~240 minutes (Figure 5(a) ). Concerning the effect of the temperature on the enzymatic activity, PGaseLg stability is in agreement with the data already reported for polygalacturonase from bacterial [24] or fungal [21] sources. Stabilization mechanisms (immobilization [16] , salts [15] and stabilizers [22] ) have been identified using mesophilic and thermophilic enzymes.
Thermal stability contrasts with optimal activity; in the presence of a substrate, at 60˚C, the enzyme completely loses the activity in less than 15 minutes. The effect of substrate protection is demonstrated by the fast deactivation of the enzyme at its optimal temperature of reaction. The results showed that assay conditions of pH and temperature are not the best conditions for stability, which is in agreement with the fact that catalytic performance (activity) and stability of pectinases are quite different aspects [44] . These observations typify the PGaseLg as a mesophilic enzyme.
In another experiment, PGaseLg was maintained at 50˚C at different pH values (3.0 to 8.0) for 360 minutes. Samples were taken at each 15 minutes until 120 minutes and then at every 30 minutes as exhibited in Figure  5(b) . At lower and neutral pH values, the recovery of enzyme activity decayed rapidly (≤ 1 h); on the other hand, at optimal pH condition (pH 5.0), the enzyme preserved 50% of its initial activity for 240 min. The half-life time at 50˚C of PGaseLg, experimentally determined, was plotted as a function of pH of treatment, Figure 5(c) .
The resulting profile, in Figure 5 (c), reveals the higher stability at pH 5.0 and the lower stability when the conditions change. The herein reported results are in agreement with those reported for P. variotii [39] or for Kluyveromyces marxianus [45] . This is a typical characteristic of fungal polygalacturonase acid [18] .
Kinetic Characterization
A typical Michaelian kinetic was observed for the hydrolysis of polygalacturonic acid and also for 74% esterified pectin at pH 5.0 and 60˚C by PGaseLg. When polygalacturonic acid was the substrate, the K M , V max and K cat values were 0.65 mg•mL , respectively. From these results, it can be reported that PGaseLg has higher affinity toward polygalacturonic acid than esterified pectin.
The K M values of polygalacturonase from A. nainiana [14] , R. pusillus [18] , T. harzianum [32] , A. giganteus [35] , S. cerevisiae [33] , N. crassa [23] and S. lydicus [44] for polygalacturonic acid at different buffers range from 0.22 to 5.0 mg•mL −1 , in agreement with the observed PGaseLg K M value. It should be said that a wide range of kinetic parameter values has been reported for polygalacturonases from various sources of microorganisms. This may be attributed to differences in assay procedures [14] .
Effect of Metals and Chemicals on PGaseLg Activity
The susceptibility of PGaseLg to several cations, EDTA and β-mercaptoethanol at 1.0 and 5.0 mmol•L −1 was investigated. , the activity dropped to about 11%, as is observed for the PGase of A. giganteus (35) . Taken together, apart from the specific responses, these results are in consonance with the literature which characteristically exhibits the inhibition by ordinary metals and the deactivation by heavy metals [15] [32] [39] .
EDTA poorly affected the PGaseLg activity at lower experimental concentrations but the effect was amplified at higher concentration, indicating metal complexation in the catalysis process. β-mercaptoetanol promoted a similar effect on enzyme, which is an expected result since the deduced amino acid sequence of the enzyme (Figure 3) predicted one free cysteine, this residue would perform a critical role in the catalysis [35] .
TLC Analysis of Hydrolyzates
The TLC technique was applied to investigate the PGaseLg mechanism using the hydrolysis products from enzyme action on polygalacturonic acid and 74% esterified pectin. It was observed that from polygalacturonic acid digestion, the only soluble product released was monogalacturonic acid (Figure 6 ). Based on this result, the enzyme can be classified as exopolygalacturonase (EC 3.2.1.67). In contrast with the wide distribution of endopolygalacturonase, the occurrence of exopolygalacturonases is less frequent. Exopolygalacturonases are classified as a fungal type, which mainly releases monogalacturonic acid, and a bacterial type, which mainly produces digalacturonic acid. The isolated polygalacturonase from L. gongylophorus is a typical fungal exopolygalacturonase.
Even upon prolonged incubation, the action of the enzyme on 74% esterified pectin did not exhibit the same accumulation of the final products. This observation is due to interruption of exopolygalacturonase action on esterified residues of the substrate since methyl esters limit an exopolygalacturonase action.
Conclusions
This paper is the first report of the isolation to electrophoretic homogeneity of an acidic exopolygalacturonase secreted by L. gongylophorus. The 37 kDa enzyme was biochemically and biophysically characterized as a typical fungal mesophilic exopolygalacturonase.
Polygalacturonases have been listed as an important factor in maintaining leaf-cutting ants/fungus symbiosis and, thus, inhibiting their activities can lead to the development of cutting ants control systems. In order to contribute to the study of these enzymes as targets for inhibition, we have described a xylanase/polygalacturonase bifunctional enzyme [12] [27] and we have also immobilized the partially purified PGase from L. gongylophorus in magnetic particles [28] . The purification and characterization of the polygalacturonase have increased the knowledge of the nature and properties of this enzyme, which is essential for understanding its structure, mechanisms of action, stability and inhibition studies.
